Cylinders of pitahayas were osmotically dehydrated in sucrose 55 % (w/w) during 45 minutes as a pretreatment of convective drying. Hot air drying was performed at 50, 60 and 70ºC. Drying kinetics of osmodehydrated samples was compared to untreated samples. Effective moisture diffusion coefficients were determined. Values of activation energy were 29.56 and 16.93 kJ mol -1 for pretreated samples and untreated samples, respectively. Mathematical modeling was applied to simulate the experimental drying curves of pitahayas. Results indicated that the Weibull model could be used to simulate experimental drying data. Furthermore, shrinkage of samples due to changes in volume was more pronounced for fruits dehydrated without pretreatment.
Introduction
Yellow pitahaya (Selenicereus megalanthus) is a tropical plant native to Central and South America which belongs to the Cactaceae family. Its fruits have yellow skin and a sweet and aromatic white flesh with small black seeds [1] . Growing exports in Colombia are driven by high demand in Europe and the Middle East. Moreover, this pitahaya is a polyphenol-rich fruit and a good source of antioxidants components, like phenolic compounds and ascorbic acid. Therefore, its consumption may be associated with nutraceutical properties due to its antioxidant capacity generated by their effect on free radicals, reducing the risk of chronic diseases [2] . In addition, pitahaya is a source of glucose, fructose, dietary fiber, vitamins, and minerals [3, 4] .
Because of its high water content, pitahaya is susceptible to deterioration, thus stabilization of the fruits requires reducing the moisture content up to certain level, at which microbial spoilage and chemical reactions deterioration are greatly minimised is desirable for its preservation [5] .
Conventional air-drying is a simultaneous heat and mass transfer process and it is a high cost process. Moreover, it brings about substantial reduction in weight and volume, minimising packing, storage and transportation costs and enabling storability of the product under ambient temperatures [6] . However, during drying foods undergo physical, structural, chemical and nutritional changes that cause quality degradation [7] .
In recent years, osmotic dehydration (OD) has received increasing attention in the field of fruit preservation in order to reduce energy consumption and improve quality of fruit product [8, 9] . Moreover, the effects of osmotic pretreatment on drying rates have been investigated by several authors and vary according to the raw material used and the drying conditions [10, 11] . Sucrose is considered one of the best osmotic substances, especially when the OD is employed before drying. Dehydrated fruits have a rapid growing market due to consumer's demands for high quality dry products [9] .
In order to control and optimize the drying process, it is necessary to use mathematical equations to simulate water transport phenomena. Therefore, the purpose of this work was to evaluate the drying kinetics of pitahaya subjected to osmotic dehydration in sucrose solution and to compare with the drying kinetics of untreated fruits. Simulation of drying kinetics by means of mathematical models was evaluated. Moreover, effective diffusion coefficients were determined and the effects of drying temperature on kinetics parameters as well as on samples collapse were also studied.
Materials and methods

Preparation of raw material
Yellow pitahayas (Selenicereus megalanthus) from the Department of Valle del Cauca, Colombia were used. Fruits were harvested at maturity state level four according to classification of Norma Técnica Colombiana (NTC) 3554 [12] . The fruits were washed with chlorinated water (200 μl/l) and peeled with stainless steel knifes. Then, they were cut into cylinders of 3 mm of length and 30 mm of diameter using a cutter machine (SKYMSEN, Poli, Brusque, Brasil) using a cylindrical stainless steel a cork borer.
Physico-chemical analysis
The moisture content was determined by direct heating in a drying oven at 105 °C for 48 h according to the AOAC method 931.04 [13] . Soluble solids (ºBrix) were measured using a refractometer (ABBE, 1T, Tokio, Japan). The water activity was measured with a aw-meter (Aqualab, Serie 4TE, Pullman,WA, US) with an accuracy of ± 0.003. The sample volume (V) was determined using the Eq. (1). A caliper was used for measuring heights (h) and diameters (D). All measurements were done in triplicate. 
Shrinkage of pitahaya during dehydration can be correlated with the dimensionless moisture content (Xwt/Xw0), by means of empirical polynomial equations according to the work of Mayor & Sereno, 2004 [14] :
Osmotic dehydration
The cylinders of pitahaya were immersed in the osmotic solution of sucrose 55 % (w/w) at 27±0.2°C during 45 minutes. These osmotic treatment conditions were selected according to a prior study on kinetics of osmotic dehydration of yellow pitahaya fruit [15] . Experiments were performed with a constant magnetic agitation of 500 rpm with an agitation equipment (Kika Labor Technik Pol Co, US). The solution was agitated continuously with a magnetic stirrer to maintain a uniform temperature throughout the experiment, thus, enhancing equilibrium conditions. The weight ratio of osmotic solution to pitahaya was 15:1 to maintain a constant concentration of the osmotic solution during OD. After 45 minutes, the samples were removed from the solution, drained, and blotted with absorbent paper to remove the excess solution.
Convective dehydration
The non-treated as well as the pretreated samples (dehydrated by osmotic dehydration) were put in a convective lab dryer (Armfield, UOP8, US) at three different air drying temperatures 
Estimation of water diffusion coefficient
Fick's second diffusion law has been widely used to describe drying kinetics and osmotic drying kinetics for biological materials [7, 16] . In this model, the dependent variable is the moisture ratio (MR) which relates the sample moisture content in real time to initial moisture contents Eq. (3). In this study, equilibrium moisture was assumed to be negligible. When internal mass transfer is the controlling mechanism and unidimensional transport in a slab or a cylinder with constant effective diffusivity can be assumed, the solution of the Fick's second law is given by Eq. (4) and Eq. (6). For sufficiently long drying times, the first term in the series expansion gives a good estimate of the solutions, Eq. (5) and Eq. (7) [17] . Based on Eqs. (4) and (6) and applying Newman's rule for a finite cylinder (Eq. (8)), a relationship between logarithm of dimensionless moisture content for plate and cylinder and time is obtained, which can be used to determine water diffusion coefficient (Dwe). 
For an infinite slab:
For an infinite cylinder:
Where Xwt is the moisture content (g water g ), t is the drying time (s), L is the half-thickness of the slab (m), r is de radius of the cylinder and =2.405 is the root of Bessel function for n=1.
Modelling of drying kinetics
Numerous mathematical models have been proposed to describe the characteristics of agricultural products during drying [6] . In this research, four of the more known models were used to fit the drying experimental data, including Newton (Eq 9), Henderson-Pabis (Eq. 10), Peleg (Eq. 11) and standardized Weibull model (Eq. 12). Applications of mentioned models can be found in different previous works [18, 19] :
Where ki is the kinetic parameters (min -1 ), ni (i = 1…3) are the empirical parameters (dimensionless), α is the shape parameter (dimensionless) and β is the scale parameter (min) of the Weibull model, t is the drying time (min) and i is the number of terms.
In order to determine the influence of the process temperature on the diffusion coefficient (Dwe) and kinetics parameters, an Arrhenius-type equation was applied (Eq. 13).
Where R is the universal gas constant (8.314 J K
and T is the absolute temperature (K). Eq. (13) can be linearized by applying natural log at both sides and a plot of ln Y versus 1/T produce a straight line, from which the activation energy (Ea, kJ mol -1
) can be determined [20] .
Statistical evaluation of the models
Fit quality of the proposed models for simulating the drying kinetics data was evaluated by means of statistical tests including determination correlation coefficient (r Where N is the number of data values and z is the number of constants.
Coefficients of Eq.. (2) were estimated by means of mathematical routines applying the function "lsqcurvefit" of the program Matlab 7.7. Moisture content of fresh pitahayas was evaluated as 2.63±0.15 kg water /kg dry matter. Total soluble solids were determined as 21.32±0.25 and 25.92±0.42 °Brix for fresh and osmo-dried pitahayas, respectively. Small seeds of the fruits were also part of the insoluble solids fraction (8.18 %). Fig. 1 presents the experimental drying curves of pitahayas with and without osmotic dehydration. Since osmodehydrated samples have lower initial moisture content than fresh samples, process times needed to reach final water content is lower than those correspondents to untreated samples. Moreover, samples subjected to osmotic dehydration prior to convective drying has modified their internal structure affecting the action of different mass transport mechanisms, and thus contributing to enhance the water transport out of the solid [21] . Comparable results were reported for different foods subjected to osmotic dehydration like pumpkins [22] and pineapples [23] . Fig. 2 and 3 present the variation of water activity and volume with process time during air dehydration at different temperatures, for pitahayas fruits with and without osmotic dehydration.
Results and discussion
Physicochemical properties and experimental drying curves
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Changes in water activity and volume samples
The measurement and prediction of water activity provide the best available tool for evaluating the stability of foods. Thus, the end point of drying is the residual moisture content of the final product which ensures economic viability and microbiological safety, i.e. a water activity value lower than 0.60 [24, 25] . Therefore, according to Singh & Heldman [26] , values of water activity among 0.20 and 0.40 ensures the stability of the product storage against browning and hydrolytically reactions, liquid oxidation and enzymatic activity. Regarding during processing. Both treated and untreated samples exhibited changes in volume. Shrinkage of foodstuff during drying is unavoidable because heating and removal of water from the food matrix may cause stresses in the cellular structure, hence leading to structural collapse, changes in volume, shape deformation and capillaries contraction [14] .
Fruit with osmotic dehydration showed changes in volume lower that those only process by convective dehydration. Thus, osmodehydrated samples exhibited less shrinkage. Volume changes during OD are mainly due to compositional changes and mechanical stresses associated to mass fluxes [14] . Ideally, it can be considered that the shrinkage of the material is equal to the volume of the removed water. Therefore, a mathematical relationship can be obtained that relates the volume shrinkage to the moisture content of the material. According to Eq. (2), Table 1 shows the parameters related to this equation which showed satisfactory results (r 2 >0.9425). Simulation of reduction of volume based on Eq. (2) indicated that shrinkage increases with decreasing moisture content in general, but shrinkage characteristics vary among drying products and drying methods. This is probably due to the unique biopolymer structure of individual agricultural product and the combined effect of process conditions that determines the type and extent of shrinkage [27] . Source::from own data. Table 3 .
Coefficients of Eqs (9-12) to represent the drying kinetics of pitahaya at different conditions of temperature for samples with and without osmotic dehydration (OD). Without OD Eq.
Coeff. 50ºC 60ºC 70ºC (9) k1 (1/ 
Determination of water diffusion coefficient (Dwe)
Based on Fick's equation, effective diffusion coefficient (Dwe) can be calculated from Eqs. (4) and (6) for each work temperature. Estimated Dwe values are informed in Table 2 .
It can be observed that moisture diffusion coefficients for pitahaya subjected to osmotic dehydration prior convective drying showed higher values than non-treated samples for all the temperatures under study. During osmotic dehydration, many aspects of cell structures are affected such as alteration of cell walls, splitting of the middle lamella, lysis of membranes, tissue shrinkage which could strongly influence the transport properties of the product during processing [28] .
Comparable values were reported by other researchers related to osmodried fruits and vegetables: carambola [11] , carrot cubes [29] , West Indian cherry [30] , apricots [16] , apples [31] , pomegranate arils [32] and Aloe Vera [33] .
From the relationship of water diffusion coefficients and drying temperature, activation energy from the inverse slope of the line plot of ln Dwe versus T .995) were obtained for untreated and treated samples, respectively. The Ea is a measure of dependence of the mass transfer process on temperature; lager magnitude of Ea is associated with higher temperature dependence. Higher activation energy therefore implies greater temperature sensitivity, and a smaller temperature change is needed for the mass transport to proceed more rapidly. The obtained values are within the range (0-63 kJ/mol) for diffusion-controlled processes [34] .
Comparable values for activation energy were reported in previous works for watermelon [35] ; mango [34] and pear [36] .
Mathematical modeling of drying curves
Tables 3 shows the average values and standard deviations of the kinetic and empirical parameters ki (i = 1, 2), n, A, B, α and β, obtained for all the proposed models.
Except for de n and , a tendency with increasing temperature was observed for each of the rest of the parameters, since an increase in drying air temperature showed an increase in the parameters values.
The -parameter of Weibull is related to the velocity of the mass transfer at the beginning, e.g., the lower the  value, the faster the drying rate at the beginning [19] . In addition, parameter  decreases as temperature increases for both untreated and treated samples. Some authors suggested that parameter  represents the time needed to accomplish approximately 63% of the process [37] . Comparable results were reported in previous works for pepino fruit [6, 19] .
Regarding to parameter A for Peleg model, it shows a clear tendency to increase as temperature increases indicating that the higher the temperature the higher the water absorption rate. Similar tendencies for this parameter have been reported for chestnuts [38] . Table 4 shows the results of statistical tests (r 2 and SSE) performed to the proposed models. These statistical tests evaluate the goodness of fit on the experimental data and they have been reported by other researchers during food drying analysis [19] . All the proposed models showed a good fit with high values of r 2 (>0.90) and values close to zero for SSE. According to these results, the models that best fitted the experimental data, considering the statistical test applied, were the Peleg model (r Therefore, Fig. 4 shows the experimental MR versus the corresponding estimate by the Weibull model to notice the goodness of fit of this mathematical model for all drying working temperatures, for both samples with and without osmotic dehydration. Similar observations were made by Cunha et al., (2001) modelling water losses during osmotic dehydration of apple [39] , Corzo et al. (2008) [40] for air drying of coroba slices and Uribe et al., [19] , for convective dehydration of pepino fruits.
Statistical analysis of models
Conclusion
Osmotic dehydration with sucrose 55 % (w/w) during 45 min was applied in order to evaluate the influence of pretreatment on convective drying rates of pitahayas at three different temperatures. Due to modifications in structure, osmodehydrated samples exhibited increasing drying rates with effective moisture coefficients greater that non-treated samples. Shrinkage due to variation in volume samples was more pronounced in untreated samples and was satisfactorily modeled by means of a polynomial equation. Different mathematical models were used to simulate experimental drying characteristics. Based on statistical results, the Peleg and Weibull models can be appropriate used to simulate experimental drying curves in the range of drying conditions under studied. Therefore, osmotic dehydration combined with convective dehydration provides an opportunity to produce novel shelf stable high quality pitahaya fruits for the local as well as for export markets.
